ABSTRACT
PK) but not to the nerve terminals (synaptosomes) of purely cholinergic neurons from the electric fish Torpedo. In the present study we examined the effect of repeated immunization of rats with either of these antigens for one year. Immunoblot studies revealed that sera of cholinergic PK immunized rats contained a high level of antibodies to cholinergic PK proteins, in particular to a 200 kilodalton protein, to which there are specifically high levels of antibodies in AD. Sera from rats immunized with cholinergic synaptosomes and from control rats contained very low levels of these antibodies. Behavioral studies performed one year after the initial immunization revealed that the cholinergic PK immunized rats were impaired in spatial learning and memory tasks (Morris swim test and T-maze alternation) when compared to control rats and that the synaptosome-immunized rats showed no such deficit. In contrast, the three groups performed similarly in general activity, active avoidance and conditioned emotional response tests. Further experiments revealed that the cholinergic PK immunized rats displayed a significant deficit in short term memory. The association of antibodies to cholinergic neurons with cognitive deficits in this rat model suggests that such antibodies may be involved in the pathogenesis of AD.
INTRODUCTION
Alzheimer's disease (AD), the most common cause of dementia, is associated with degeneration of cholinergic neurons in the basal forebrain which provide most of the cholinergic input to the cortex and hippocampus /7, 33/. The severity of these degenerative changes correlates with the cognitive impairment in AD /2/. Procedure: Each animal was placed in the shuttle box with the house lights on and received 20 avoidance trials, presented on a variable interval 60-sec schedule ranging from 30 to 90 sec. Each avoidance trial started with a 5-sec tone followed by a 30-sec shock, the tone remaining on with the shock. If the animals crossed the barrier to the opposite compartment during the 5-sec tone, the tone was terminated and no shock was delivered. A crossing response during shock terminated the tone and the shock. If the animal failed to cross during the entire tone-shock trial, the tone and the shock terminated automatically after 35 sec. The animals received 10 such days of avoidance acquisition.
Analysis: The 200 trials were divided into 10 days of 20 trials, and all analyses were carried out on the percentage of avoidance on each of the ten 20-trial blocks, with days as a repeated measurements factor.
T-Maze Alternation
Subfects: Eleven cholinergic PK rats, 8 cholinergic synaptosomes rats and 9 controls entered the experiment. In addition 2 cholinergic PK rats, 3 cholinergic synaptosomes rats and 2 control rats failed to acquire the running response and were excluded from the test. Analysis was therefore performed on results from 6 cholinergic PK rats, 4 cholinergic synaptosomes rats and 7 controls.
Apparatus: The T-maze was built of unoainted wooden planks 9.5 cm wide with an edge about 0.7 cm high along each side. The stem of the T was 80 cm long, and the cross-piece was 136 cm long. A guillotine door was located 34.5 cm from the beginning of the stem. At each end of the cross-piece was a hole, 3.8 cm in diameter and 0.7 cm deep, which served as a food cup. The maze was supported by legs 30 cm long, and placed on a table in a small, irregularly shaped room which contained a variety of other objects, and was illuminated by fluorescent ceiling lights.
Procedure: Rats were handled daily for at least a week before the test. There were 5 days of pretraining. For the first 2 days, rats were placed on the maze in pairs for about 20 min with 45 mg Campden Instruments food pellets scattered along the cross-piece, and with the guillotine door raised. For the next 2 days, the rats were placed on the maze singly for about 15 min, with the majority of the food located in the food cups; the guillotine door was repeatedly raised and lowered. On the fifth day two food pellets were placed in each food cup. Each rat was placed at the beginning of the start arm twice, and allowed to go to each of the food cups and eat the food there.
During acquisition, the rats were given 8 trials each day, each consisting of two runs through the maze. On each trial four food pellets were placed in each food cup, and a wooden block was placed on one arm close to the choice point, blocking off the access to that arm. On the information run the rat was olaced at the starting point, the guillotine door was raised, and the rat allowed to go to the available arm and eat the food there. No retracing was permitted. The rat was then picked up and returned to the starting point and the wooden block was removed. The choice run followed. The guillotine door was raised, and the rat permitted to choose between the two arms. The rat was deemed to have made a choice when it placed a back foot on the choice arm. After each choice, the wooden block was placed behind the rat so that no retracing or correction was allowed. If the rats chose the arm not visited on the forced run, it was allowed to eat the food and was then removed from the maze. If the other arm was chosen, the rat was confined to the arm for approximately 10 sec and was then returned to its holding cage. The rats were tested in groups of 4, with each rat having one trial in turn, giving a typical inter-trial interval of 2-5 min, which was spent in a holding cage near the maze. The arm to which the rat was directed for the information run varied from trial to trial, with the constraints that the same arm was not used for more than two consecutive trials and that each arm was used an equal number of times on any day.
Data Analysis: The analysis consisted of an ANOVA performed on the mean daily correct choices of each animal and included one main factor of treatment (cholinergic PK, cholinergic synaptosomes and control) and a repeated measurements factor of days.
RESULTS

Immunological Studies
The levels of antibodies to homogenates of purified Figure 1 . As can be seen IgG from rats immunized with cholinergic PK interacted with more antigens than did those of rats imlnunized with synaptosomes or those of control rats. Examination of the immunblots revealed that 3 cholinergic PK rats contained IgG which bound to a polypeptide of molecular mass of approximately 200 kilodalton (kD), whereas none of the choli-nergic synaptosomes immunized rats and none of the control rats had such IgGs. In addition, the cholinergic PK rats contained IgG which bound to proteins with molecular masses of 20 and 26 kD (Fig. 1) Locomotor Activity Figure 3 presents the mean number of crossings during successive 5 minute samples of the 50 minute session of the 3 treatment groups (cholinergic PK, n 11 cholinergic synaptosomes, n 11 and controls, n 12). As can be seen there was a significant decline in the number of crossings over the 10 sample periods which was supported by the significant main factor of samples (F 100.27 df 2/88 p < 0.001). However neither the main effect of treatment nor the interaction of treatment x sample were significant (F < 1). Rats were immunized for one year with purified cholinergic perikarya (n 8), cholinergic synaptosomes (n 5) and adjuvant (controls, n 9), after which they were subjected to a conditioned emotional response test performed as described in Experimental Procedures. Results presented are the mean time + SD for the 3 treatment groups to complete 10 licks before the conditioned stimulus (licks 80-90)and 10 licks during the conditioned stimulus (licks 90-100).
Conditioned Emotional Response
In contrast, no significant difference was observed between the three groups in the times to complete the 10 licks during the presentation of the conditioned stimulus (F < 1).
A voidance
As can be seen in Figure 4 all 3 groups (cholinergic PK, n 11; cholinergic synaptosomes, n 8;and controis, n 9) acquired the avoidance response over the 10 days of avoidance training. This was supported by the significant main effect of days (F 9.42 The results presented in Experiment suggest that rats immunized with cholinergic PK for one year acquire behavioral deficits in specific tasks involving spatial learning. In order to characterize the rate of development of this deficit and to examine whether it is accompanied by brain biochemical changes, a second group of rats was studied.
EXPERIMENTAL PROCEDURES
Preparation of Antigens
Torpedo cholinergic PK were prepared as described in Experiment 1.
Subjects
Male Sprague-Dawley rats were obtained and housed as described in Experiment 1. They were immunized subcutaneously at the age of 3 months with either Torpedo cholinergic PK (50 /ag protein; n 32)or adjuvant alone (controls, n 32). Further immunizations were given as in Experiment 1. At 4 and 8 months following the initial immunization immunoblot studies were performed with sera of 15 cholinergic PK immunized rats and 15 controls as described in Experiment 1. At each time point twelve of the cholinergic PK rats with a high level of antibodies to the 200 kD PK protein and 12 control rats with no such antibodies were tested in the Morris swim maze. All the animals that were tested at 4 months completed the experiment whereas 2 controls died during the 8 months experiment and their results were excluded from the analysis. Nine cholinergic PK and 9 control rats which completed the behavioral test at 4 months were sacrificed for the biochemical study which was performed at 6 months following the initial immunization. The rats which completed the Morris swim test at 8 months (10 cholinergic PK rats and 12 controls) were tested at 9 months in a T-maze alternation test. One rat in each group died during the course of the experiment and their results were excluded from the analysis. Nine rats from each group which completed the T-maze alternation test were sacrificed at 12 months for the biochemical study.
Morris Swim Test
The test was performed as described in Experiment except that the analysis included only two groups in the main effect of treatment (Cholinergic PK and controls).
T-maze Alternation
RESULTS
Morris Swim Test
The cholinergic PK rats and the controls acquired the swimming response at both 4 and 8 months following the initial immunization i.e. they exhibited shorter response latencies as acquisition progressed. This was supported by the significant main effect of days (F 44.43 Figure 6 which depicts the average log latencies of the different rat grouos and the p values of the main effect of treatment in each test. No difference was found between the cholinergic PK and the control rats at 4 months (F < 1).
The test was performed as described in Experiment except that after the rats were tested for 10 days (8 trials per day) by this procedure they were further tested for 6 days in a modified paradigm. In this modified paradigm a 20 sec delay was introduced between the information run and the test run. Analysis was performed separately on the two stages of the experiment (days 1-10 and 11-16) as in Experiment except that only two groups were included in the main effect of treatment (Cholinergic PK and controls).
Enzyme Activity Assays Groups of 9 cholinergic PK rats and 9 controls were sacrificed by cervical dislocation 6 months and 12 months following the initiation of immunization. Their brains were immediately excised and dissected into 10 areas: frontal cortex, parietal-occipital cortex, hippocampus, olfactory lobe, septum, striatum, hypothalamus, midbrain, cerebellum and brainstem. Each area was then homogenised (10% w/v) in ice cold 10mM phosphate buffer, pH 7.4 and stored in aliquots at -70C until used.
Choline acetyltransferase (CHAT) activity was measured according to Fonnum /13/ whereas acetylcholinesterase (ACHE) activity was assayed by the method of Johnson and Russel/15/. The levels of each enzyme in homogenates of brain areas of cholinergic PK and control rats were compared by Student's T test. In order to test whether their performance was also impaired in a T-maze alternation test at this time, the same animals were examined in this paradigm. This experiment was performed 9 months after the initial immunization. The daily average correct choices of the cholinergic PK (n 11) and control (n 9)
groups over 16 days of acquisition are presented in Figure 7 . As can be seen, both groups exhibited improved performance and achieved the same level of correct choices. This was supported by the significant main effect of days (F 8.62 df 9/162 p < 0.001) and a non significant main effect of treatment (F < 1). It should be noted that although it seems graphically that the cholinergic PK rats made fewer correct choices than the controls during the first 5 days of acquisition this difference was not statistically significant. In order to improve the sensitivity of the T-maze paradigm a 20 seconds delay was introduced on days 11 to 16 between the information and choice runs. As can be seen in Fig. 7 this delay caused a severe impairment in the performance of the cholinergic PK rats but had no effect on that of the controls.
Analysis of the results obtained during the 6 days of acquisition following the introduction of the delay revealed a highly significant main effect of treatment (F 31.5 df 1/18 p < 0.001).
Biochemical Studies
In order to examine whether the behavioral changes manifested by the cholinergic PK rats were accompanied by biochemical changes in their brains, we sacrificed 9 rats from each group (cholinergic PK and controls) at 6 and 12 months following the initiation of immunization and measured the weights, protein content and ChAT and AChE activities in define regions of their brains (frontal cortex, parietal-occi- pital cortex, hippocampus, olfactory lobe, septum, striatum, hypothalamus, midbrain, cerebellum and brainstem). The ChAT and AChE levels thus measured are summarized in Table 2 and Table 3 
